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Extruded Cornstarch–Glycerol–Polyvinyl Alcohol Blends:
Mechanical Properties, Morphology, and
Biodegradability

Lijun Mao,1,2 Syed Imam,1,4 Sherald Gordon,1 Patrizia Cinelli,3 and Emo Chiellini3

Elongation properties of extruded cornstarch were improved by blending with glycerol. Further
blending of starch–glycerol with polyvinyl alcohol (PVOH) resulted in significant improvements
in both tensile strength (TS) and elongation at break. Samples of starch–glycerol without PVOH
equilibrated at 50% relative humidity had a TS of 1.8 MPa and elongation of 113%, whereas those
containing PVOH had a TS and elongation of 4 MPa and 150%, respectively. Dynamic mechanical
analysis (DMA) of starch–glycerol–PVOH blends showed that decreases in glass transition tempera-
tures (Tg values) were proportional to glycerol content. Scanning electron microscopy (SEM) of
fractured surfaces revealed numerous cracks in starch–glycerol (80:20) samples. Cracks were absent
in starch–glycerol (70:30) samples. In both blends, many starch granules were exposed at the
surface. No exposed starch granules were visible in blends with added PVOH. Starch–glycerol
samples incubated in compost lost up to 70% of their dry weight within 22 days. Addition of PVOH
lowered both the rate and extent of biodegradation.
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INTRODUCTION United States Department of Agriculture (USDA), as well
as within other institutions [1–3]. Starch, a renewable

Over the past two decades, utilization of starch has
resource, is available in abundant quantities at a very lowbecome an extremely active research area within the
cost in the United States [4]. New uses for starch will
enhance demand for farm commodities and create agri-

1 Plant Polymer Research Unit, National Center for Agricultural Utiliza- business jobs, thereby improving the position of the
tion Research, Agriculture Research Service, United States Depart- United States in the global marketplace, where more than
ment of Agriculture, 1815 N. University Street, Peoria, IL 61604.

$100 billion in trade deficits have become an economi-2 Current address: Planet Polymer, 9985 Businesspark Ave., San Diego,
CA 02131. cally threatening norm. Replacing plastic derived from

3 Department of Chemistry and Industrial Chemistry, University of Pisa, imported petroleum, particularly that destined for single-
Via Risorgimento 35, 56126 Pisa, Italy. use items, with starch-based materials will directly4 To whom all correspondence should be addressed. E-mail:

improve this trade imbalance. Furthermore, starch isIMAMSH@MAIL.NCAUR.USDA.GOV
The mention of firms names or trade products does not imply that they highly biodegradable and, therefore, offers potential
are endorsed or recommended by the U.S. Department of Agriculture advantages over recalcitrant synthetic plastics in dispos-
over other firms or similar products not mentioned. All programs and able applications.
services of the U.S. Department of Agriculture are offered on a nondis-

Starch itself is very brittle and has poor mechanicalcriminatory basis without regard to race, color, national origin, religion,
sex, marital status, or handicap. properties for plastic applications. However, by blending
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with plasticizers, such as water, selected amino acids, or EXPERIMENTAL
glycerol, elongation can be improved significantly, but Materials
tensile strength (TS) is negatively impacted [5–8]. The

Unmodified commercial grade cornstarch (Buffaloimprovement in the mechanical behavior of a polymer
3401, 10.3% moisture) was obtained from CPC Interna-from stiff/brittle to soft/flexible is due to increased molec-
tional Inc., Argo, IL. PVOH (Airvol 425) was purchasedular mobility at room temperature [8, 9]. Thus, the glass
from Air Products and Chemicals Inc., Allentown, PA.transition temperature (Tg) of starch can be affected by
Airvol 425 was 95.5–96.5% hydrolyzed with a molecularthe presence of small molecular plasticizers, and changes
weight average of 100,000–146,000. Reagent grade glyc-

in Tg have been investigated using a differential scanning
erol was from Fisher Scientific, Pittsburgh, PA.

calorimeter (DSC) and dynamic mechanical analysis
(DMA) [10–13].

Material Processing and ExtrusionEfforts to overcome mechanical deficiencies of
starch have also included blending with other polymers, In samples without PVOH, starch (10.3% moisture)
such as polyethylene, polyhydroxyalkonates, polylactic and glycerol (0.2% moisture) were mixed directly
acid, protein, pectin [14–18], and polyvinyl alcohol together with a Kitchenaid mixer for 10 min. Formula-
(PVOH) [6, 7]. Starch–PVOH blends represent one of tions contained 35, 32, 30, 25, 23, and 20% glycerol
the few commercial successes, and have been marketed (weight basis) without any added water. Samples with
as water-soluble laundry bags. However, although starch– PVOH were prepared as follows: Water was added to a

predetermined amount of glycerol and the weight wasPVOH films initially exhibit desirable properties, their
adjusted to 45 g. The mixture was stirred at room tempera-quality deteriorates fairly rapidly with time.
ture and, while being stirred, PVOH was added. TheSurprisingly few studies have been published that
solution was heated to 858C for 30 min. This preparationcharacterize starch–PVOH blends. Westhoff et al. [6]
was then mixed with starch in the Kitchenaid mixer atevaluated various polyols, including glycerol, as plasticiz-
room temperature (248C). Formulations contained 10 gers for starch–PVOH cast films and noted a loss of metha-
of PVOH (final concentration of 9.1%) and 100 g ofnol-extractable glycerol from aged films, as well as a loss
starch, unless otherwise indicated, whereas glycerol con-

of plasticizer effectiveness in films prepared with high
tents varied from 0 to 35% (weight basis). All formula-

starch loads. More recently, Lawton and Fanta [7] exam-
tions were extruded through a single-screw extruder

ined the effect of polyethylene-co-acrylic acid (EAA) on (model RC-0500, Randcastle Inc., Cedar Grove, NJ)
starch–glycerol–PVOH composites. This study utilized equipped with a strand die. The temperatures for the die
cast films as well and concluded that a small amount (ca. and zone 1, 2, and 3 were 1218, 1358, 1298, and 1108C,
3%) of EAA was optimum for obtaining films having at respectively. Screw speed was adjusted to 30 rpm.
least 100% E and TS of 25 MPa, while maintaining
starch content above 50%. Stenhouse et al. [19] utilized

Mechanical Testing
extruded, blown films of starch–glycerol–PVOH to

Dog-bone-shaped samples were stamp-cut from theexamine, among other things, the effect of PVOH molecu-
extruded ribbons. Tensile properties were measured atlar weight on the physical properties of the film. One
258C using an Instron Universal Testing System (Instronformulation which employed intermediate molecular
Corp., Canton, MA). Dog-bone-shaped samples had aweight PVOH appeared to be particularly attractive
width of 3.9 mm and length of 25 mm in the neck. Thebecause it exhibited very low oxygen permeability in
thickness of test sample was measured three times alongaddition to acceptable mechanical properties. Unfortu-
the neck and averaged. The cross-head speed was at 20

nately, as the authors noted, their results should be inter-
mm/min. Where indicated in the text, samples were equil-

preted only qualitatively because neither sample storage
ibrated under controlled relative humidities of 30, 50,

nor tensile testing were accomplished under controlled and 93% for 2 weeks.
humidity. Nevertheless, the promising results of that study
prompted us to examine starch–glycerol–PVOH compos-

Dynamic Mechanical Analyses (DMA)ites more thoroughly. In this study, the fractured surface
as well as mechanical, thermal, and biodegradative prop- The DMA instrument (DMA 7, Perkin-Elmer, Nor-
erties of extruded starch–glycerol–PVOH formulation walk, CT) was used to measure storage modulus, loss

modulus, and tan d versus temperature of the extrudedwere evaluated.
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sample. The relaxation temperatures were determined
from the obtained plots. All samples were cut into small
bars (20 3 3.9 mm) and conditioned at 50% relative
humidity (RH) for 2 weeks. Tests were performed utiliz-
ing a three-point bending system at a frequency of 1 Hz
and heating rate of 108C/min. over a temperature range
of 2125 to 1308C.

Scanning Electron Microscopy (SEM)

SEM was used to examine the fracture surface of
the extruded ribbon samples. Specimens were prepared
following the method described elsewhere [20]. Specifi-
cally, samples were conditioned for a period of 48 h under
50% RH. Samples were quickly frozen at 2328C in dry
ice and fractured with a sharp knife. Samples with frac- Fig. 1. Tensile strength (TS) and elongation at break of extruded starch–

glycerol formulations of varied proportions.tured surfaces were mounted on aluminum stubs with
graphite-filled tape and vacuum coated with gold–
palladium. Samples were then examined using a model

TS values of about 1.5 MPa and elongation values ofJSM 6400v scanning electron microscope (JEOL Inc.,
about 60% when samples were equilibrated at 50% RH.Peabody, MA).
The data presented in Fig. 1 are in good agreement with
these observations. Formulations equilibrated at 30% RH

Biodegradation Studies were too brittle to test.
Studies were conducted to investigate the effect ofExtruded starch ribbons with 20 and 30% glycerol

added PVOH on starch–glycerol blends. About 10 gor with 20% glycerol plus 9.1% PVOH were cut into
PVOH was added to the various starch–glycerol blends2 3 5 cm samples and were weighed. Samples were then
and its impact on TS (Fig. 2) and elongation (Fig. 3) waslayered in 7–10 cm thick compost (Lee County Recycling
evaluated. Overall physical properties were enhanced byCenter, Madison, IA) and were incubated for up to 22

days at 288C. At indicated intervals, samples were recov-
ered and weight losses were calculated.

The data provided in this manuscript represent dupli-
cate samples from at least three experiments that were
averaged together and had ,5% variation.

RESULTS AND DISCUSSION

Starch–glycerol extruded specimens generally
exhibited poor physical properties (TS, elongation) when
equilibrated at high relative humidity (93% RH) prior to
testing. Increasing glycerol content in the blend from 20
to 35% did not improve these properties (Fig. 1). In
samples equilibrated at 50% RH, both TS and elongation
were directly affected by glycerol content, albeit in a
reversed manner. Highest TS (9.7 MPa) was achieved
with 20% glycerol and any further increase in glycerol
content had a negative effect. Conversely, elongation
increased proportionally to 113 at 30% glycerol content,
whereas further increase in glycerol had a negative effect Fig. 2. Tensile strength (TS) of extruded starch–glycerol–PVOH for-
on elongation. Shogren et al. [11] melt extruded starch mulation. PVOH content was constant at 10 g (9.1), while the propor-

tions of starch and glycerol varied.with 40% glycerol (based on starch weight) and observed
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Fig. 4. Temperature dependence of storage modulus and tan d in pure
PVOH and starch–glycerol samples.

Fig. 3. Percent elongation (%E ) of starch–glycerol–PVOH formula-
tion. PVOH content was constant at 10 g (9.1), while the proportions
of starch and glycerol varied. content (Table I). As expected, decreased Tg values were

also observed with increased glycerol content in samples.
The Tg of PVOH has been reported to be betweenaddition of PVOH. For instance, at 30% glycerol content

658 and 868C, depending on the experimental methodand 50% RH, the added PVOH increased TS to 4 from
used and the amounts of residual acetate and moisture1.8 MPa, and increased elongation to 150 from 113%.
present in the samples [21]. Because water acts as aAddition of PVOH also made it possible to conduct physi-
plasticizer, this could lead to somewhat lower Tg valuescal property tests at 30% RH. Starch–glycerol–PVOH
for PVOH than seen in this study with pure PVOH. Usingformulations were sensitive to RH. Specimens consis-
DSC methods, Shogren et al. [11] observed a Tg of 578Ctently exhibited higher TS at lower RH values (Fig. 2).
for extruded starch–glycerin (89:11) material. Lourdin etGenerally, elongation increased at higher RH values, with
al. [12] studied the Tg of potato starch blended witha notable exception at 35% glycerol content (Fig. 3). This
glycerol and found that the Tg obtained from DMA wasconcentration, starch–glycerol–PVOH ratio of 65:35:9
always higher than the Tg obtained using DSC methods.at low RH (30%), yielded the highest elongation value
This difference in Tg values from two methods may be(230%) of the study. Starch–PVOH formulations without
because during DMA analysis, the test sample is heatedglycerol were extremely brittle at 30% RH, precluding
in an open environment, allowing moisture to escape,physical testing.
hence increasing the Tg .The dynamic mechanical properties of pure PVOH

and starch–glycerol (80:20) extruded samples equili-
Table I. Dynamic Mechanical Analyses and Estimated Tg Values ofbrated at 50% RH were investigated. The glass transition

Starch–Glycerol–PVOH Formulations(Tg) temperatures were estimated from the storage modu-
lus log E8 and tan d as a function of temperature (Fig. 4) Tg
following the method of Kalichevsky et al. [10]. Results T1

a T2
b (estimated from

Starch–glycerol–PVOH ratio (8C) (8C) E8 and tan d)indicated Tg values of 658C for pure PVOH and 538C for
the starch–glycerol samples. The tan d peak at 2308C

0–0–100 55 75 65in starch–glycerol samples was only observed when glyc-
80–20–0 38 60 49

erol was present. This transition is probably due to sec- 100–0–10 61 70 66
ondary transition of starch, showing the plasticization 85–15–10 48 70 59

80–20–10 15 57 36effect of glycerol (Fig. 4).
70–30–10 8 35 22Increased concentration of glycerol plasticizer from
65–35–10 24 6 50 to 35% in the starch–glycerol–PVOH formulation

impacted material properties in that both tan d and storage a Temperature at the onset of drop of storage modulus (E8).
b Temperature at the peak of strain/stress phase difference tan d.modulus decreased proportionally with increased glycerol
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Fig. 5. SEM of fracture surface of starch–glycerol (80:20) formulation.

SEM of the fractured surfaces revealed exposed exposure in compost (Fig. 8). The extent and rate of
weight loss were quite similar for both formulations. Thestarch granules on the surface in blends containing 20

and 30% glycerol (Figs. 5 and 6). Starch blends with weight loss was only 59% in starch–glycerol formulations
with added PVOH, suggesting that the addition of PVOH20% glycerol had many apparent cracks throughout the

surface (Fig. 5), whereas in samples with 30% glycerol, slowed the degradation process in these samples. In this
regard, Chen et al. [23] observed that increased PVOHthe surface appeared to be smooth without any cracks

(Fig. 6). The fact that the blend with 20% glycerol was content in starch–PVOH cast films improved elongation
properties, but the rate of biodegradation in these filmsvery brittle and had lower elongation compared to the

blend with 30% glycerol may account for the appearance was negatively correlated with the PVOH content.
of such cracks. However, addition of PVOH in a starch
blend with 20% glycerol not only improved physical CONCLUSIONS
properties of the blend, but under SEM the surface
appeared to be smooth and uniform with no exposed Addition of PVOH in starch–glycerol blends signifi-

cantly improved both the TS and elongation of thestarch granules (Fig. 7). In addition, PVOH also prevented
the appearance of cracks noted in Fig. 5. The disappear- extruded materials. DMA analysis showed that Tg values

in blends decreased with increased glycerol content.ance of starch granules on the surface may be due to the
higher moisture content in this blend, which allowed more Addition of PVOH to starch–glycerol blends prevented

the development of surface cracks and improved mechan-complete gelatinization or destructurization of granular
starch during the extrusion process. In this regard, Zhiqi- ical properties. As expected, the starch–glycerol extruded

ribbons biodegraded rapidly in soil. Addition of PVOHang et al. [22] reported that a 50:50 (weight basis) mixture
of glycerol and water provides the best plasticizing prop- to blends slowed the biodegradation process.
erties for compounding starch, and that further incorpora-
tion of PVOH leads to enhanced mechanical properties ACKNOWLEDGMENTS
and increased melt viscosity.

About 70% weight loss was observed in 20 and 30% Thanks to Dr. Randal Shogren for critically
reviewing the manuscript. The assistance of Mr. Garystarch–glycerol blends without PVOH within 22 days of
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Fig. 6. SEM of the fracture of starch–glycerol (70:30) formulation.

Fig. 7. SEM of fracture surface of starch–glycerol–PVOH (80:20:10) formulation.
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